Abstract: Large-scale forest dieback was reported in recent decades in many parts of the world. In Slovakia, the most endangered species is Norway spruce (Picea Abies). Spruce dieback affects also indigenous mountain forests. We analysed changes in snow cover characteristics in the disturbed spruce forest representing the tree line zone (1420 m a.s.l.) in the Western Tatra Mountains, Slovakia, in five winter seasons 2013-2017. Snow depth, density and water equivalent (SWE) were measured biweekly (10-12 times per winter) at four sites representing the living forest (Living), disturbed forest with dead trees (Dead), forest opening (Open) and large open area outside the forest (Meadow). The data confirmed statistically significant differences in snow depth between the living and disturbed forest. These differences increased since the third winter after forest dieback. The differences in snow density between the disturbed and living forest were in most cases not significant. Variability of snow density expressed by coefficient of variation was approximately half that of the snow depth. Forest dieback resulted in a significant increase (about 25%) of the water amount stored in the snow while the snowmelt characteristics (snowmelt beginning and time of snow disappearance) did not change much. Average SWE calculated for all measurements conducted during five winters increased in the sequence Living < Dead < Meadow < Open. SWE variability expressed by the coefficient of variation increased in the opposite order.
INTRODUCTION
Forest significantly influences the hydrological cycle (Bredemeier et al., 2010; Jewitt, 2005; Mráček and Krečmer, 1975) . Part of precipitation intercepted by the forest is evaporated back to the atmosphere (Chang, 2006) . Interception also changes the spatial distribution of precipitation under the canopy (e.g. Bartík et al., 2016; Lundberg et al., 1998) . On the contrary, horizontal precipitation captured by the forest can represent an important component of the water and hydrochemical balance (Elias et al., 1995; Fišak et al., 2001; Minďáš and Škvarenina, 1995) . Moreover, forest significantly affects precipitation partitioning into overland and subsurface flow through its influence on the soil (Gömöryová et al., 2013; Gömöryová et al., 2017; Stähli et al., 2011) . Hence, forest change has manifold hydrological consequences, the effects of which are not easy to predict in detail (Bredemeier et al., 2010; Michalova et al., 2017; Rogger et al., 2017) .
Forest affects also the snow accumulation and melt. The differences in snow characteristics in the forest and in nearby open areas have been observed for more than a century (e.g. Church, 1914) . A number of studies compared snow in the forest and forest clearings or specifically addressed the influence of forest management practices, i.e. direct human interventions (e.g. Andreson, 1963; Ellis et al., 2010; Garstka et al., 1958; Golding and Swanson, 1986; Kittregde, 1953; Koivusalo and Kokonen, 2002; Kuusisto, 1980; Mayer et al., 1997; Stähli et al., 2000; Swanson and Golding, 1982; Troendle and King, 1987; Zelený, 1971) . The results of empirical studies of changes in forest cover and associated changes in snow accumulation and ablation rates were reviewed by Varhola et al. (2010) . More recent studies addressed also the effects of forest dieback, i.e. natural disturbances, on snow characteristics. They used measured data or modelling to study the effects of dieback caused by bark beetle or forest fires (e. g. Bartík et al., 2014; Boon, 2012; Harpold et al., 2014; Jeníček et al., 2018; Perrot et al., 2012; Pugh and Small, 2012) .
Large-scale forest disturbances were recently reported in Europe (Mezei et al., 2014 (Mezei et al., , 2017 Seidl et al., 2011 ) and a number of authors have pointed out the hydrological consequences of forest dieback (e.g. Adams et al., 2012; Vido et al., 2015; Winkler et al., 2014) . In Slovakia, forests cover approximately 40% of the country. Extensive areas of Slovak forests were recently affected by dieback as well (Grodzki et al., 2006; Jakuš et al., 2011) . Norway spruce (Picea Abies (L.) Karst.), the most abundant coniferous tree in Slovakia (about 26% of all forest tree species), is one of the most endangered species, especially owing to its high sensitivity to increasing air temperature. Dieback does not occur only in areas where spruce was introduced by people. It is documented also in indigenous mountain forests (Janda et al., 2016; Parobeková et al., 2016) and in areas which were until now relatively less affected by human activities . Because such forests often occur in headwater catchments, their change can influence snow accumulation and melt and consequently runoff formation and discharge regimes in downstream areas. Understanding the local effects of such changes on snow accumulation and melt requires studies based on local data measured over a long time.
This article presents the results of measurements of snow depth, density and water equivalent from the highest part of the Carpathian Mountains during five winters. It differs from previous studies in that the measurements were conducted over the entire winter seasons with a relatively high frequency (approximately every two weeks). The overall objective of our study is to analyse the influence of the mountain spruce forest dieback on snow accumulation and melt. The article is organised so that we first compare snow characteristics and their variability at sites with different land cover (living and disturbed forest, forest opening and a large open area outside the forest). Then we evaluate the influence of different stand characteristics (land use) on snow accumulation and melt. The results could be useful in the assessment of regional snow cover development in similar snowmelt dominated headwater catchments affected by forest dieback.
MATERIAL AND METHODS

Study area
The study was conducted at research plot Červenec (49.183617°N, 19.641944°E, elevation 1 420 m a.s.l.) in the Western Tatra Mountains, northern Slovakia. The plot is located in the Jalovecký creek catchment which is the subject of long-term hydrological research devoted also to snow cover (Holko and Kostka, 2010) . The bedrock at the research plot is formed by limestone, marlstone, claystone and dolomite. The soil is classified as Cambisol and has high stoniness (Hlaváčiková et al., 2016) . The forest at the plot is representative of the tree line zone in the highest part of the Carpathian Mountains. Although the forest at the plot was significantly affected by human activities in the past, today it is classified as dominantly natural (Celer, 2013) . It is composed solely of Norway spruce. The age of the trees is more than 130 years (Oreňák et al., 2013) . Places with sparse density of the forest are overgrown with rowan (Sorbus aucuparia L.). The understory is represented by bilberry (Vaccinium myrtyllus L.); raspberry (Rubus idaeus L.) occurs in the open area. Part of the forest died in summer 2012 as a result of the bark beetle (Ips typhographus L.) outbreak. Branches of the dead trees are covered with lichen "tree moss" (Pseudevernia furfuracea (L. Zopf.).
Data
Snowpack measurements in the open area and in the forest have been conducted since the 1990's ). The results presented in this article are based on data from the new snow courses established after the forest dieback since winter 2013. We present data from five winters (2013) (2014) (2015) (2016) (2017) . A "winter" is defined as the period from November through the following May. For example, winter 2013 is represented by data measured from November 2012 until May 2013.
The snow courses are located in the living forest (hereafter denoted as "Living"), disturbed forest with dead trees (Dead), forest opening (Open) and in the large open area outside the forest (Meadow). The size of the forest opening is 1H -2H, where H is tree height. Snow depth (SD) and water equivalent (SWE) were measured at the snow courses every two weeks (biweekly) depending on weather conditions (10-12 times per winter). Snow density was calculated from snow depth and snow water equivalent at the snow course.
SWE was measured using a fibre glass snow tube with a cross section area of 50 cm 2 , which was weighed with a digital scale with resolution of 10 grams. SD was measured by a graduated rule with resolution of 1 cm.
Snow courses in the open area, i.e. at sites Open and Meadow, were located 50 meters and 300 meters away from the snow courses at forested sites (Living and Dead), respectively. SD was measured every meter at 31 points at each snow course in the forest sites (Living and Dead). SWE in the forest was measured every five meters, i.e. seven values were obtained at each snow course (Fig. 1) -the SWE for the snow course was obtained by multiplication of the mean SD by the mean snow density.
Precipitation at the snow courses was measured manually by the standard rain gauges of the Slovak Hydrometeorological Institute with orifice area 500 cm 2 . Three gauges were installed in the forest to capture precipitation patterns at the typical forest locations, i.e. in the forest opening, the drip zone and the nearstem zone .
Daily precipitation and air temperature data from the automatic weather station equipped with a weighing rain gauge located near the snow courses were used in snow accumulation and melt modelling. The weather station is located in the open area. Therefore, measured precipitation and air temperature from the station were directly used in the modelling for the Meadow and Open sites. Model input precipitation for sites Dead and Living was modified according to the throughfall measurements conducted at both sites. The throughfall values calculated from the readings of raingauges located under the trees and in the forest windows provided precipitation correction coefficients. The coefficients were applied backwards to calculate the input daily precipitation at sites Dead and Living since the previous day with throughfall data. Comparison of air temperature measured at the weather station with that measured under the nearby dense spruce tree stand showed that air temperature under the canopy was on average 1°C lower than that in the open area. This value was therefore used to prepare the model input air temperature data for the site Living. Fig. 1 . Snow depth and density measurements at forested sites (Dead, Living).
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Methods
Climatic characteristics of the studied winters were first evaluated using the total precipitation amount and sum of positive daily air temperature from December to March. The values for individual winters were plotted as anomalies (Holko et al., 2012) , i.e. as deviations from the long-term mean values for the period 1989-2017. Such presentation allows fast identification of extreme winters in the time series data. Climatic conditions important for snow cover evolution, i.e. precipitation amount and potential snowmelt in the study winters can also be quickly assessed and compared. Temporal evolution of SD and snow density at all sites in the five study winters was compared. Variability of SD and snow density along each snow course was expressed by standard deviations to obtain the absolute values in cm and kg.m -3 , respectively. The use of standard deviation helps to perceive the importance of the variability when compared to the temporal evolution of SD or snow density (as in Figs. 3 and 5). Comparison of variability in snow characteristics among the sites (snow courses) and on different dates was based on coefficients of variation (Cv). Box-whisker plots were used to compare the data measured at individual snow courses over entire winters.
Mean values of SD and snow density for each snow course and day with measurements as well as for the entire study period were compared using the Student paired test. The aim was to test whether the two compared data sets were significantly different from each other at a significance level of 95%. Significantly different data sets were marked in results with "x" (e.g. Table 2 ). Statistical analysis was carried out with Statistica 10 and Statgraphics Centurion XVI.I.
Biweekly measurements at snow courses may not capture the maximum seasonal snow water equivalent (SWE) and provide correct snowmelt characteristics (onset, termination). Therefore, snow accumulation and melt modelling was used to provide daily values of SWE. A simple degree-day model was used. Snow accumulation was simulated if the mean daily air temperature during days with precipitation was below the threshold temperature. Snow melt was calculated according to the following well-known formula:
M = DDF (T-T crit )
( 1) where M is the snowmelt [mm] , DDF is the degree-day factor [mm.°C -1 .day -1 ], T is the mean daily air temperature [°C] and T crit [°C] is the threshold air temperature above which the snow starts to melt.
The threshold air temperature above which all precipitation falls as rainfall, threshold air temperature at which the snowmelt starts and the temporally variable degree-day factor were used to fit the simulated and measured SWE values. The aim of the modelling was solely to fit the simulated and measured values during the time of maximum SWE and the snowmelt period (i.e. not to transfer the model to other sites or time periods or evaluate the calibrated degree-day factors). Therefore, model parameters were variable in time and different for each site and winter. After the simulations we have calculated the Kling-Gupta efficiency coefficient KGE (Gupta et al., 2009 ):
where r is the linear correlation coefficient, σ is standard deviation, μ is arithmetic mean and sim and obs represent simulated and observed values, respectively. KGE was used instead of the more common Nash Sutcliffe coefficient (Nash and Sutcliffe, 1970) , because it allows identification of the origin of model errors.
The degree-day model was run at a daily time step for the period November 1st to May 5th. Model parameters were calibrated by the trial and error approach. Simulated SWEs were visually compared with measured values during model calibration. Maximum SWE, dates of snowmelt onset and termination and snowmelt duration were then obtained from the modeled data for each site and winter.
RESULTS
Climatic characteristics of winters 2013-2017
The long-term average of precipitation in cold months (December to March) at the research plot is about 400 mm (Fig. 2) . About 25 days during the same period had daily mean air temperature above zero. The long-term average of the sum of positive air temperature from December to March is about 54°C. Fig. 2 shows that above-average precipitation occurred in winter 2013. At the same time, the sum of positive air temperatures was below-average. Thus, winter 2013 had the most favourable conditions for snow accumulation out of the five studied winters. Winter 2014 represented the opposite situation, namely below-average precipitation and aboveaverage sum of positive daily temperatures. Fig. 2 reveals that shifting from wet to dry or cold to warm in successive winters is quite common in the study area. However, winter 2014 was unique for its unusually dry and warm weather. Satellite data confirmed that all of Slovakia was extremely snow-poor (Krajčí et al., 2016) . In winters 2015-2017, total precipitation and sum of positive air temperatures were close to long-term averages. 
Snow depth
Annual maximum snow depths at different sites exceeded 80-100 cm and standard deviations for most days with measurements were under 10 cm (Fig. 3) . Coefficients of variations (Cv) of the SD calculated for individual dates with measurements mostly did not exceed 0.3. The highest SD was almost always measured in the forest opening (Open). This pattern is well known and reflects increased snow accumulation at sites protected from the wind (e.g. Troendle and King, 1985) . SD in the disturbed forest (Dead) was almost always higher than in the living forest (Living), a result of the interception decrease Living vs. Dead x x x x x x x x x x x x x x x x x x x x x x Living vs. Meadow x x x x x x x x x x x x x x x x x x x x x x x x x x Living vs. Open x x x x x x x x x x x x x x x x x x x x x x x x x x x x x Dead vs. Meadow x x x x x x x x x x x x x x x x x x x x Dead vs. Open x x x x x x x x x x x x x x x x x x x x x x x x x x x x x Meadow vs. Open x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x Living vs. Dead x x x x x x x x x x x x x x x x x Living vs. Meadow x x x x x x x x x x x x x x x x x Living vs. Open x x x x x x x x x x x x x x x x x x Dead vs. Meadow x x x x x x x x x x x x x x Dead vs. Open x x x x x x x x x x x x x x x x x x Meadow vs. Open x x x x x x x x x x x x x x x x x x x x-Significant difference at 95% level -comparison is not available caused by defoliation. While the differences between the two sites were not very high in the first two winters after forest dieback (2013 and 2014), they clearly increased in winters 2015-2017. The mean SD differences during the first two winters were about 4 cm. In winters 2015-2017 they increased to 7-8 cm (Table 1) . The SD data sets at different sites (snow courses) were statistically significantly different for most days with measurements ( Table 2) . The SD at site Open was always significantly different from that measured at the forested sites (Living, Dead).
SD in the open area located outside the forest (Meadow) did not have a consistent relation to the SD at sites located in the forest (Dead and Living). In winters 2013, 2014 and during the maximum snow depth period of winter 2016 it was higher, but in winters 2015 and 2017 it was similar (Fig. 3) . Wind redistribution and solar radiation have the biggest influence at site Meadow. Therefore, the snow depth at this site is more dependent on weather conditions during any particular winter.
The SD data for the entire winters presented in Fig. 4 show that medians and most often also the first and third quartiles were increasing in the sequence Living < Dead < Meadow < Open. Fig. 4 . Box-whisker plots (max-min, lower and upper quartiles, median) of the snow depth for the entire winters; the crosses show arithmetic mean.
Fig. 5. Snow density and its within-site variability expressed by the standard deviation (SD).
The differences in the average snow SD over the winter were statistically significant with the exception of Living vs. Meadow and Dead vs. Meadow in winters 2015 and 2017. SD variability expressed by Cv at the forested sites (Dead, Living) was in most winters higher than at the sites located in open areas (Open, Meadow) ( Table 1 ). An exception was observed in winter 2016 when the coefficients of variation of SD at the forested sites were smaller than in other winters.
Snow density
Snow density and its within-site variability expressed by the standard deviation are shown in Fig. 5 . Maximum snow density was close to 0.5 g.cm -3 and standard deviations were mostly below 0.05 g.cm -3 . Coefficients of variation of snow density were smaller than those of snow depth. Cvs of snow density on individual days with measurements were mostly below 0.15. Temporal evolution and to some extent also differences in snow density among study sites reflected climatic conditions in individual winters. Favourable conditions, i.e. above-average precipitation and below-average sum of positive air temperatures in winter 2013 were reflected in the continuous increase of snow density. On the contrary, warm weather in winter 2014 resulted in a rapid increase of snow density to high values (wet snow) as early as December, and high variability due to thaws and new snow events afterwards. Fig. 5 also shows that snow density at sites without trees (Open, Meadow) was in most winters higher than at sites located in the forest (Living, Dead). This difference was clearly visible especially in the snowy winter 2013, and it was very small in winter 2017. Differences among particular sites were not large at the beginning of the accumulation period (fresh snow). Rapid decreases in snow density at the end of winter 2014 and at the beginning of April 2017 were caused by new snow following snowpack melt-out.
Snow density at site Dead was significantly different from that at site Living in 13 out of 48 days with data (Table 3) . The mean snow density in the living forest was higher than that in the disturbed forest in 18 out of 48 days. However, larger differences (> 0.030 g.cm -3 ), were observed only in 6 cases. The differences in the remaining 12 cases varied from 0.002 to 0.016 g.cm . Such small differences can result from measurement error or natural variability of snow density along the snow course.
Snow density data for the entire winters (Fig. 6, Table 4 ) show that the main difference among the sites was between the forested and the open areas. The differences within these two groups, i.e. between the living and disturbed forest or between the forest opening and large open area were comparatively smaller. Winter 2017 was an exception, because snow densities at all sites were very similar. Differences in snow density between the disturbed and living forest for the entire winters were not statistically significant.
Unlike with snow depth, the coefficients of variation of snow density at the forested sites (Dead, Living) were often not very different from those in open areas (Open, Meadow). (cf. Tables 1 and 4).
Snow water equivalent and the results from SWE modelling (maximum SWE, snowmelt beginning and duration)
Summary statistics of measured SWE for all sites and the entire winters are presented in Fig. 7 . SWE increased in the sequence Living < Dead < Meadow < Open. As expected, open areas had higher SWE than the forested sites. Average SWE during the entire study period in the disturbed forest was about 25% higher than in the living forest. SWE in the forest opening was on average 31% higher than in the large open area (Meadow) . This is in agreement with the finding that forest openings with widths about 1-2 times the canopy height (such as the opening in our study) have the most snow (Kittredge, 1953) . SWE variability expressed by Cv increased in the opposite order as the SWE values, i.e. Open < Meadow < Dead < Living. Similarly to snow density, the SWE variability within the two groups of sites (forested, open) was smaller than between them. After visual comparison of measured and simulated SWE (Fig. 8) we have concluded that simulated SWE maxima and dates when the snowpack entirely melted were estimated reasonably well. A more detailed analysis of data reproduction is given later in the discussion.
Modelling results relevant to the theme of this article, i.e. the differences in snow accumulation and melt at different sites, are summarized in Table 5 . They show that since winter 2015, maximum SWE in the disturbed forest was always greater than in the living forest. That corresponds to the increase in snow depth that started to become evident at the Dead site since the same winter. The final snowmelt phase, i.e. the snowmelt which ended with snow disappearence, started in the living Fig. 7 . Box-whisker plots (max-min, first and third quartiles, median) of measured SWE for all winters; the crosses show the arithmetic mean; the numbers above the graphs represent number of measurements (54-55) and coefficient of variation (0.52-0.84).
forest mostly later than in the disturbed forest (Dead), but the delay was only about 1-2 days. Although the SWE in the living forest was typically smaller than at other sites, the snow usually disappeared there approximately on the same days.
Measured data at the end of the snowmelt season were used to compare maximum snowmelt intensities at different sites during the precipitation free periods and corresponding degreeday factors obtained from both measured data and model calibration. Unfortunately, this was possible only for winter 2013, because precipitation occurred during maximum snowmelt intensity periods in all other winters. The results are presented in Table 6 . Although the numbers from only one winter cannot be generalized, the results confirm that snowmelt intensity in the disturbed forest was higher than in the living forest. The largest snowmelt was observed in the forest opening. Snowmelt in the open areas (Open, Meadow) was almost 60% greater than at the forested sites (Living, Dead).
Degree-day factors for 18-28 April 2013 calculated from measured data were similar to those obtained during model calibration. SWE in our study was significantly higher (25%) in the disturbed forest than in the living forest. This difference is probably related to higher snow depth in the disturbed forest. However, unlike for snow depth, there was no significant SWE difference between the disturbed and living forest in individual winters (Fig. 8) . Jeníček et al. (2018) did not directly compare SWE in the healthy and disturbed forest. However, they reported a smaller SWE difference (29%) between open areas and defoliated spruce forest with standing trees compared to the difference between open area and healthy forest (45%). This implies that the difference between the disturbed and healthy forest was 16%. Boon (2012) concluded that snow density and SWE in disturbed and living forests are similar in high snow years while they are distinctly different in low-to-average snow years. However, their study was based only on two years of measured data. Pugh and Small (2012) reported 15% more snow in a "grey phase stand" (needleless trees) than in a paired living stand. Their results are also based on two years of measured data at eight pairs of living and disturbed forest stands. Our data confirm the findings of Boon (2012) and Pugh and Small (2012) that the SWE difference between the disturbed and living forest is smaller for winters with higher snow accumulation (Fig. 9) . Nevertheless, the SWE difference remained relatively high (about 20%) also in winters with high snow accumulation (Fig. 9) .
Evaluation of the snowmelt model efficiency by the objective function showed that KGE efficiency was high (between 0.7 and 1) for almost all simulations (Table 7) . This is not surprising, because model parameters were changed independently for each site and winter to obtain the best simulation possible and we focused primarily on good reproduction of measured values on dates close to winter maximum SWE and during the ablation period. While model parameters based on such a strategy cannot be transferred to other sites or winters, we believe that SWE maxima and dates when the snow cover entirely melted were estimated reasonably well. However, detailed analysis of other simulated results such as the degree-day factors from such a modelling strategy is not meaningful. Table 7 shows that deleting one overestimated value at the beginning of the winter would significantly improve the KGE values for two of three simulations (sites Living and Dead in winter 2016). Analysis of the sources of modelling errors for site Meadow in winter 2015 (equation 2) showed that mean values of observed and corresponding simulated data were the same (172 mm) and the correlation coefficient was high (0.88). A low KGE value (0.008) resulted from the much higher standard deviation of the simulated data compared to that of observations. However, the observed values at the time of maximum measured SWE and 
DISCUSSION
Our results revealed a statistically significant difference in SD between the living and disturbed forest which increased since the third winter after forest dieback. The difference in SD was most noticeable during snow maximum. These results cannot be directly compared with findings of other studies using measured snow characteristics in the disturbed forests, because most of them were based only on 1-2 years of data. Only Jeníček et al. (2018) had five years of data. They measured snow characteristics at 16 sites including 3 sites affected by the bark beetle. Although their measurements were conducted only 2-4 times per winter, the snowmelt periods were captured in all five winters. However, they did not evaluate the interannual evolution of SD differences in the living and disturbed forest.
Snow density in the disturbed and living forest was in most cases not significantly different. Jeníček et al. (2018) reported that compared to the healthy forest (an analog of the living forest in our study), snow density was slightly greater in the disturbed forest during the accumulation period. In contrast, snow density in the healthy forest was greater in the snowmelt period. Their conclusions were drawn from integrating the snow density data for the entire study period. Analogous data in our study reveal clear differences between the two groups of sites (forested versus open) while the differences within each group were smaller (Fig. 6, Fig. 9 . The relationship between winter snow accumulation (simulated maximum SWE in the living forest at the beginning of the final snowmelt phase in mm) and the percent difference in measured mean winter SWE in the disturbed (SWE Dead ) and living forest (SWE Living ) for winters 2013-2017; a value of 50% on the vertical axis means that mean SWE in the disturbed forest was 50% greater than that in the living forest.
Snowmelt intensity in the disturbed forest based on measured data from the end of winter 2013, i.e. the first winter after forest dieback (and the high-snow winter), was 16% higher than in the living forest (Table 6 ). This was an expected result because forest dieback increases incoming solar radiation. Jeníček et al. (2018) reported a similar difference (18%). Their value was based on simulated degree-day factors for five winters. Our preference of using measured instead of simulated values means that we could compare the data from only one of the five winters. In other winters, either the SWE was not measured on days close to the snow disappearance or the snowmelt was affected by precipitation. Thus, it was not possible to investigate the evolution of the differences in ablation rates with time elapsed since the forest dieback. Simulated SWEs indicated that the mean ablation intensities at the end of winters 2013-2017 in the living and disturbed forest were similar, and ablation at the Meadow and Open sites were on average 7% and 16% higher than at forested sites, respectively. However, because we had only five values (winters) for each site and the values in individual winters varied, the comparison of the mean values of ablation rates obtained from the modelling is not meaningful.
CONCLUSIONS
This article presents the results of longer-term (five winters) and relatively frequent (every two weeks) measurements of snow characteristics at four sites with different land cover. The main focus was the differences between the living and disturbed forest. Snow depth was significantly greater in the disturbed forest and the difference increased since the third winter after dieback. Differences in snow density were in most cases not significant. Differences in snow water equivalent (SWE) reflected differences in snow depth, although the progressive increase during the study period (as in the case of snow depth) was not observed. Average SWE over the entire study period in the disturbed forest was 25% greater than in the living forest stand. This indicates that the amount of water accumulated in snow in areas affected by large-scale forest dieback could significantly increase. Higher snow accumulation does not necessarily mean that total runoff or flood peaks would be higher (Jeníček et al., 2018) . Results of our plot-scale simulations did not indicate significant differences in snowmelt characteristics between the disturbed and living forest. Although the SWE in the living forest was smaller and its variability was greater, the beginning of the final snowmelt phase and the date of snow disappearance at the two stands were similar. However, timing of snowmelt runoff events can change if large parts of originally forested catchments are affected by forest dieback due to higher ablation rates in the disturbed forest. This scenario can be tested in follow-up modelling studies validated against the measured values from the plot-scale data.
